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Among the retroposons, the source of the endonuclease activity is known to be variable and can be provided as either a
retroviral-like integrase or a protein similar to the cellular apurinic–apyrimidinic endonuclease. It has also been reported that
other retroposon and retrointron sequences have limited similarity to various eubacterial endonucleases. We investigated
whether any retroposon genomes possibly encode multiple endonuclease functions. Amino acid alignments were generated
and analyzed for the presence of the characterized ordered-series-of-motifs (OSM) representative of four different endo-
nuclease functions. The results indicate that SLACS, CZAR, CRE1, CRE2, and some Trypanosoma brucei retroposon
sequences encode multiple putative endonuclease functions. Interestingly, one of the endonuclease functions is embedded
within the potential ribonuclease H sequence found in SLACS, CZAR, CRE1, CRE2, and R2BM retroposons. © 2002 ElsevierINTRODUCTION
The retroid agents include all genetic elements that
encode a potential reverse transcriptase (RT) (McClure,
1999). In keeping with the nomenclature established by
Howard Temin, the retroposons, a subset of the retroid
agents, are nuclear transposable elements, most of
which lack long terminal repeats (LTRs) (Temin, 1985,
1989). The retroposons can be further divided into those
that insert into the host genome at specific target sites
and those that insert in a nonsequence-specific manner.
For example, CRE1 is a retroposon that inserts at spe-
cific sites within the tandemly arrayed miniexon genes of
the host genome, Crithidia fasciculata (Gabriel et al.,
1990). In contrast, mammalian long interspersed nuclear
elements (LINES), such as human L1 element, are found
distributed throughout the genome and lack insertion
site specificity (Singer et al., 1993).
In contrast to the retroviruses and the retrotrans-
posons, the gene complement of the retroposons is more
variable (McClure, 1991). Three genes common to all
retroviruses are gag encoding the structural proteins;
pol, providing the enzymatic functions; and the envelope
gene, env, supplying the glycoproteins involved in recep-
tor binding. The order of these genes is unvarying within
the retroviruses. In general, pol of the retroviruses en-
codes the aspartic acid protease (PR), the RNA-depen-
dent–DNA-polymerase (RdDp) and the integrase (IN).
1 To whom correspondence and reprint requests should be ad-Proteolytic processing of the polyprotein results in the
formation of the PR, the RdDp, and the IN. The RdDp is
composed of two functional domains, the RT and the
ribonuclease H (RH). While all retroposons encode the
RT domain and an endonuclease activity, some also
encode the RH domain.
Margaret Dayhoff first introduced the idea that amino
acids that are essential for a protein’s structural or func-
tional integrity will generally be conserved throughout
evolution, forming recognizable motifs within the se-
quences (Dayhoff et al., 1978). We have defined the
presence of multiple motifs in a specific collinear order
as an ordered series of motifs or OSM. The presence of
an OSM representative of an experimentally determined
function within a multiple protein sequence alignment
supports common ancestry and allows the putative ac-
tivity of the aligned protein sequences to be inferred
(McClure, 1991). The motif intervening regions (MIRs) are
less constrained by the functional selection operating on
the OSM (McClure et al., 1998). The size and amino acid
composition of the MIRs can vary greatly. The RT/RH
domains and the IN protein of retroviruses have well-
characterized OSMs (McClure, 1991) involved in cataly-
sis, as verified by X-ray crystallography and biochemical
assay (Davies et al., 1991; Dyda et al., 1994; Kohlstaedt et
al., 1992).
Four different types of endonuclease functions have
been described in various retroposon and retrointron (RT
encoding group II intron) sequences. The endonuclease
functions observed include (1) a retroviral-like IN; (2) aScience (USA)
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as the histidine–asparagine–histidine (HNH) endonucle-
ase; (3) a protein homologous to the cellular apurinic–
apyrimidinic endonuclease (APE); and (4) a region with
reported similarity to a variety of restriction endonucle-
ases that will be called the proline–aspartic acid–aspar-
tic acid (PDP) endonuclease (Fig. 1).
The retroviral IN is made up of three structural do-
mains (Hindmarsh and Leis, 1999). The first IN domain is
a zinc-finger metal binding region defined by a histidine–
histidine–cysteine–cysteine (HHCC) motif near the
amino terminus of the protein (Burke et al., 1992; Bush-
man et al., 1993; Cai et al., 1997; Johnson et al., 1986). The
second domain of the IN is the catalytic core, containing
three noncontiguous motifs that conserve the canonical
aspartic acid–aspartic acid–glutamic acid (DDE) resi-
dues of the polynucleotidyl transferases (Dyda et al.,
1994; Fayet et al., 1990). Experimental evidence suggests
that residues involved in DNA binding are located at the
carboxy terminus, comprising the third IN domain (Coffin
et al., 1997; Hindmarsh and Leis, 1999). Early sequence
comparisons suggested that among the retroposons, the
cruzi-associated retrotransposon (CZAR) of Trypano-
soma cruzi, the spliced leader associated conserved
sequences (SLACS) of T. brucei, the crithidia retrotrans-
posable elements (CREs) of C. fasciculata, and the INGI
factor of Trypanosoma brucei, all encode retroviral IN-
like sequences, in varying positions within their ge-
nomes (Fig. 1) (Gabriel et al., 1990; McClure, 1991; Vil-
lanueva et al., 1991).
The OSM of the HNH-endonuclease is composed of
three motifs and it has been observed in both the group
I introns and the retrointrons. A submotif conserved in
retrointrons is observed upstream of the three core mo-
tifs of the HNH-OSM (Gorbalenya, 1994; Shub et al.,
1994). While the group I introns encode a variety of
site-specific DNA endonucleases, the retrointrons en-
code RT and the HHCC domains similar to the one
observed in retroviral IN sequences. The presence of the
HNH-OSM in the retrointrons within the HHCC domain
suggests that this motif might be present in other retroid
agents.
APE is yet another type of endonuclease function
encoded by some retroposons. The APE enzymes are
involved in DNA repair and are found in both eubacteria
and eukaryotes. The cellular APEs recognize modified
purine or pyrimidine residues in the DNA. Homologues
to the cellular APE are also found upstream of the RT
domain in the R1 element of Bombyx mori (R1BM) and in
some other LINE-like retroposons (Fig. 1) (Feng et al.,
1996; Feng et al., 1998; Martin et al., 1995). Several
retroposons have been shown to encode an APE and
activity has been demonstrated (Christensen et al., 2000;
Olivares et al., 1997; Olivares et al., 1999).
Finally, a region of similarity was reported between
restriction endonucleases and certain non-APE encod-
ing retroposons that exhibit insertion site specificity. This
region is characterized by the common motif Lys/Arg–
Pro–Asp–x12–19–Asp/Glu (PDD). Mutations to the first in-
variant aspartic acid residue of the PDD motif in R2BM
eliminated DNA cleavage without affecting binding of the
R2BM protein to the DNA or target primed reverse tran-
scription (Yang et al., 1999). This PDD motif is also
present in the retroposon, Rex6, of teleost fish (Volff et al.,
2001).
Given that four different types of endonuclease activ-
ities have been described for a variety of retroid agents,
sequence alignments were generated and examined for
the presence of the OSMs characteristic of the IN, APE,
HNH, and PDD endonucleases. Analyses of these se-
quence alignments suggest that some retroposons may
encode multiple endonuclease functions. In addition to
the IN-OSM, the SLACS, CZAR, CRE1, and CRE2 (SLACS-
like) retroposons encode the PDD-endonuclease motif
within a MIR of the OSM that defines RH activity. More-
over, the sequences of three closely related T. brucei
sequences; INGI3, TRS1.6, and MVAT4 (INGI-like) retro-
posons are observed to encode the OSMs representa-
tive of three different endonucleases functions; the IN,
the HNH-endonuclease, which is embedded within the
MIRs of the IN sequence OSM, and the OSM of APE.
RESULTS
Analyses were conducted to identify and align the
OSMs representative of four different endonuclease
functions encoded by the retroposons. In addition, two
unexpected observations were made that lend insight
into the complexity of endonuclease evolution and func-
tion. First, a partial duplication of the IN-OSM was found
preceding the complete OSM of the IN sequence in the
INGI-like retroposon genomes. Second, the OSMs char-
FIG. 1. Schematic of the relative positions of putative endonuclease
functions encoded by various retroposons. APE encoding retroposons
may or may not have an RH downstream of the RT. Each asterisk
denotes a stop codon. IN dup denotes a partial duplication upstream of
the IN OSM (Fig. 3). All OSMs are encoded in the same ORF unless
otherwise indicated. Sequence designators are as in Table 1. Sche-
matic is not proportional to actual size of the genes.
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acteristic of the PDD and HNH endonucleases are found
embedded within the sequences of other functions.
Retroviral-like integrase alignment
The OSM of the IN is made up of four motifs. Motif I is
composed of two sets of conserved residues, Ia and Ib
(Fig. 2). The region corresponding to Ia conserves two
histidine residues, H-x3–4-H, while region Ib conserves
two cysteine residues, C-x2-C. The number of variable
amino acids between conserved residues is indicated.
Motif I corresponds to a zinc-binding domain specific to
the retroid agents, while the conserved DDE residues of
motifs II–IV are common among both the retroid IN se-
quences and the polynucleotidyl transferases. We have
identified the completely conserved OSM of IN in the
SLACS-like and the INGI-like retroposon sequences (Fig.
2, sets 2 and 3). The INGI-like sequences encode the
IN-OSM downstream of the RT/RH domains. In contrast,
the SLACS-like retroposons encode the IN-OSM up-
stream of the RT/RH domains. Among the SLACS-like
retroposons, the HHCC motif is totally conserved, while
the canonical aspartic acid (D) of motif II is a conserva-
tively substituted glutamic acid (E) in three of the four
sequences (Fig. 2).
In addition to the complete OSM of the IN protein, the
INGI-like sequences designated as DINGI3, DTRS1.6,
and DMVAT4 are partial duplications, which conserve
the first two motifs of the IN-OSM. These duplications
immediately precede the intact IN-OSM in all three INGI-
like retroposon sequences (Fig. 2, set 3). The INGI3
sequence encodes both the partial duplication, and mo-
tifs I and II of the complete IN-OSM, in ORF1 while motifs
III and IV of the intact IN-OSM are observed in ORF2.
TRS1.6 encodes both the partial duplication of IN and the
complete IN-OSM in ORF2. The IN duplication encoded
by MVAT4 is interrupted by a frameshift from ORF2 to
ORF1, while the complete OSM of IN is found down-
stream of the duplication in ORF 1 (Fig. 1).
HNH-endonuclease alignment
The HNH-OSM of the INGI-like retroposons is embed-
ded in the MIRs of the IN-OSM (Fig. 2). The first invariant
histidine of the HNH-OSM overlaps with region Ia of the
IN-OSM (Fig. 2). Alignment of the three INGI-like retro-
poson sequences to a previously published HNH align-
ment (Shub et al., 1994) shows that the INGI-like HNH–
OSM contains inserts in the T. brucei sequences relative
to the bacterial endonucleases (Fig. 3). The frameshift
interrupting the IN-OSM of INGI3 occurs after the OSM of
HNH, which is encoded entirely in ORF1 (Fig. 1). The
bacterial group II intron from P. falciparium (S40013) is
one of six previously published retrointron sequences
that encode a C-x2-C motif upstream of the HNH-OSM.
The conserved C-x2-C motif encoded by the retrointrons
is proposed to be part of a zinc-finger-like region similar
to the amino-terminal of retroviral IN protein (Mohr et al.,
1993). This C-x2-C motif is also present in the INGI-like
retroposons. In addition to the HNH-OSM and the C-x2-C
motif, additional residues are also conserved between
the two sets of sequences (Fig. 3).
Apurinic–apyrimidinic endonuclease alignment
The OSM of the APE is made up of seven motifs. Each
motif has one or two amino acid residues that are com-
pletely conserved between the retroposons and the hu-
man APE sequences. These invariant residues are con-
served in the INGI-like retroposon sequences with one
exception; an isoleucine has been substituted for the
tyrosine residue characteristic of motif IV in the TRS1.6
sequence. Other conserved residues surrounding the
substituted tyrosine are observed in motif IV of the
TRS1.6 sequence (Fig. 4). Relative to the RT-OSM located
in ORF1 of the INGI3 sequence, the APE-OSM is located
upstream in ORF2 interrupted by two stop codons. Both
TRS1.6 and MVAT4 encode the OSMs of APE and RT in
ORF2 but in MVAT4 the APE and RT domains are sepa-
rated by a stop codon (Fig. 1).
PDD endonuclease alignment
R1BM and R2BM are retroposons found in B. mori.
Unlike R1BM, the sequence of R2BM lacks homology to
APE and the identity of the endonuclease domain en-
coded as part of a large multifunctional RT protein was
unclear (Feng et al., 1996). Analogous to the retroviruses,
the endonuclease activity in R2BM was observed to
reside in a region downstream of the RT activity (Xiong
and Eickbush, 1988). Sequence similarity in the form of a
conserved PDD motif was reported for the R2BM,
SLACS, CZAR, and CRE1 retroposons, and for a region
conserved in a variety of restriction endonucleases (Yang
et al., 1999). The retroposon sequences included in the
published PDD endonuclease alignment were collected,
conceptually translated, and aligned. There are two re-
gions conserved by the R2BM- and SLACS-like retro-
posons that are not present in other retroposons (Fig. 5,
region A and B). Only one of these, characterized by the
conserved PDD motif, is shared between the retro-
posons and the restriction endonucleases (Fig. 5, region
B). Site-directed mutagenesis has demonstrated that re-
gion B is involved in the endonuclease activity of R2BM
(Yang et al., 1999). Whether or not region A is also
involved in endonuclease activity is unknown. We iden-
tified the OSM of the PDD endonuclease in the retropo-
son CRE2, however, a leucine has been substituted for
the highly conserved proline in the PDD motif in this
sequence (Fig. 5). Although INGI-like sequences partially
conserve the CCHC motif of region A specific to the PDD
retroposons, no other similarity to regions A or B could
be detected (Fig. 5).
The R1BM and R2BM retroposons encode different
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putative endonuclease functions. R1BM encodes the
OSM of APE upstream of the RT domain, while R2BM
encodes a PDD endonuclease activity downstream of
the RT domain (Fig. 1). The fact that these closely related
sequences encode different endonuclease functions in
different locations within their genomes necessitated
that we look closely at these sequences for evidence of
multiple endonuclease functions. No indication of poten-
tial multiple endonuclease functions, not even in the form
of disrupted or degenerated OSMs, was observed in any
ORF within these B. mori sequences.
Our attempts to duplicate the results of iterative BLAST
searches, which revealed the relationship between
R2BM and the PDD encoding restriction endonucleases,
failed. These searches were repeated with the low-com-
plexity filter turned off and all other settings left at default
to reduce the likelihood of artificial hits when it was
observed that the second aspartic acid of the PDD motif
encoded by R2BM was part of a region being subjected
to low-complexity filtering. The iterative BLASTs con-
ducted for R2BM were repeated using SLACS, which
does not encode low-complexity regions in conjunction
with the motifs of interest. It is unfortunate that Yang et
al., did not provide any details as to how they conducted
the iterative BLASTs with R2 retroposons, which re-
trieved various bacterial restriction endonucleases (Yang
et al., 1999). Changing the statistical significance thresh-
old in PSI BLAST to one increased the data pool from 11
to 622 hits after four iterations; changing it to 100 in-
creased the dataset from 622 to 1053 after four iterations.
Five iterations at an inclusion threshold of 100 retrieved
10,789 distantly related sequences. Regardless of our
parameter setting adjustments, no search conducted
with either R2BM or SLACS retrieved restriction endo-
nucleases encoding the PDD motif. Likewise, searches
using FOKI did not retrieve any retroposon sequences,
although other restriction endonucleases were retrieved,
(e.g., EcoRV). Although the inclusion of false positives in
the PSI BLAST results has been noted as a function of
the overuse of the iteration process [Jones, 1999; Gibas,
2001] this is not the case here.
The sequences retrieved by these types of searches
are based on a random walk through the database.
Given that the database changes over time, one would
not expect to get exactly the same retrievals using PSI or
PHI BLAST, however, there should still be a significant
overlap in the data retrieved when the same queries and
parameters are used. It appears that this is not the case
in our studies, suggesting that these types of BLAST
searches may not allow for reproducibility of results.
Ribonuclease H alignment
R2BM and the SLACS-like retroposons were all found
to encode the PDD motif downstream of the RT domain
(Figs. 1 and 5). In the SLACS-like retroposons, this region
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contains the RH-OSM. Using the sequences of regions A
and B to anchor the alignment of the analogous regions
in R2BM revealed a divergent RH-OSM (Figs. 1 and 5).
The OSM of the RH is composed of four conserved
motifs. The potential RH domains of the PDD encoding
retroposons were aligned to the RH domains of retrovi-
ruses as well as RH encoding retroposons that do not
encode the PDD endonuclease (Fig. 5). This alignment
revealed that Region A, in the PDD encoding retro-
posons, is present as a MIR separating motifs I and II of
the RH-OSM. A glutamic acid is conserved among the
retroposons just prior to the PDD motif and this con-
served residue is the invariant residue defining motif II of
the RH-OSM. Region B is both an insert separating mo-
tifs II and III of the RH-OSM and a region of overlap
between the RH-OSM and the PDD motif. The second
conserved aspartic acid of the PDD motif in Region B
corresponds to the invariant aspartic acid characteristic
of motif III of the RH-OSM that is known to be part of the
catalytic site of the RH (Davies et al., 1991; Katayanagi et
al., 1990).
In addition, a potentially critical histidine residue is
conserved within the RH-OSM of several host and viral
organisms. Histidine (H)539 of HIV1 is one of seven resi-
dues completely conserved among the lentivirus se-
quences (Davies et al., 1991; Doolittle et al., 1989). Mu-
tations to the corresponding histidine residue (H124) in
the RH of E. coli reduced substrate-binding affinity and
catalytic rate (Kanaya et al., 1990). Similarly, mutation of
H539 in HIV-1 greatly reduced RH and DNA pol activities
(Schatz et al., 1989). A candidate for this critical histidine
residue is present in all the retroposon sequences in-
cluded in our alignment with the exceptions of CIN4 and
CRE1 (Fig. 5).
DISCUSSION
These bioinformatic analyses have focused on the
identification of multiple putative endonuclease func-
tions observed in a subset of retroposon sequences.
Multiple sequence comparisons, in the form of amino
acid alignments, were conducted to detect the OSMs
representative of four different endonuclease functions
previously observed among the retroid agents. The re-
sulting alignments clearly support the possibility of mul-
tiple endonuclease functions.
When the OSM and function of a given sequence are
known, this information can be used to predict the func-
tion of sequences with similar OSMs. The OSMs of IN
and APE are well characterized and can provide strong
evidence in support of putative endonuclease functions
in the retroposon sequences. Both IN and APE functions
have been demonstrated for various retroid agents. The
OSMs of the HNH and PDD endonucleases were iden-
tified in retroposon sequences more recently and have
not been studied as extensively as the IN and APE
functions (Gorbalenya, 1994; Shub et al., 1994; Yang et al.,
1999). While most retroposon sequences do possess a
single, analogous endonuclease function in the form of
either an IN or an APE, the INGI-like and SLACS-like
retroposons potentially encode multiple endonuclease
functions (Table 1). The endonuclease multiple se-
quence alignments generated also reveal evidence of
gene rearrangement and duplication. Interestingly, the
FIG. 4. Alignment of sequences with the OSM of APE. Set 1 includes two sequences known to encode APE activity, the human APE (HSAPE) and
the L1Tc. Set 2 includes R1Bm and three T. brucei sequences. The values in parentheses correspond to the number of residues removed from the
sequence for purposes of display. Residues corresponding to the seven motifs making up the OSM of the APE are indicated with black bars and
roman numerals. Residues appear bold if at least half of the residues in set II are identical or conservatively substituted according to the scheme
described in Fig. 3. All other designations are as defined in Fig. 3.
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PDD motif is found embedded within a much larger
sequence that contains the recognized OSM of the RH
function.
Retroviral-like integrase
The OSM of IN is made up of four motifs that are
completely conserved among the INGI-like and SLACS-
like retroposons. Analogous to the retroviruses, the OSM
of IN is observed downstream of the RT domain in the
INGI-like retroposons. In contrast, the IN OSM is ob-
served upstream of the RT domain in the SLACS-like
retroposons, an arrangement that is also observed in the
Copia-like retrotransposons and the petunia vein clear-
ing virus (PVCV) (Richert-Poggeler and Shepherd, 1997).
The observed variability in position is evidence of gene
rearrangement or modular evolution (Fig. 1). Modular
evolution refers to the acquisition of an OSM or part of an
OSM that confers protein function or structural integrity
(McClure, 2000).
We identified a duplication of the first two motifs of the
IN OSM preceding the complete OSM of IN in the INGI-
like retroposon (Fig. 2). The IN motifs encoded by the
duplication are less conserved, when compared to
known IN sequences, than are the motifs of the complete
IN OSM. The duplication is highly similar among each of
the three INGI-like retroposon sequences. The align-
ments generated support that both the duplication and at
least some subsequent divergence of the motifs oc-
curred in an ancestor common to the three INGI-like
retroposons. The partial duplication does not contain the
HNH endonuclease signature observed in the full-length
IN OSM, suggesting that the potential HNH–OSM was
acquired after the duplication occurred.
The catalytic core of IN is defined by three noncontig-
uous motifs that conserve the canonical aspartic acid–
aspartic acid–glutamic acid (DDE) residues. The cata-
lytic core of the HIV1 IN has been crystallized and ap-
pears to function as a dimer or higher multimer (Dyda et
al., 1994; Hindmarsh and Leis, 1999). The IN duplication
observed in the INGI-like sequences extends beyond
motif three of the IN OSM but only conserves the zinc-
binding domain (motif Ia–b) and the first aspartic acid of
the DDE that defines the catalytic core (Fig. 2). Given this,
it is unlikely that the IN duplication could fold properly or
function as an IN alone. Perhaps it could function, how-
ever, as a homodimer or higher multimer in conjunction
with the intact OSM IN. This possibility predicts that the
size of these IN proteins would be significantly larger
than other retroid agent integrases. Conversely this in-
complete OSM could be proteolytically cleaved during
polyprotein processing, generating a protein that forms
the expected IN protein.
In the case of the SLACS-like sequences, while three
of the four motifs of the retroviral-like IN are conserved,
motif II has a glutamic acid substituted for aspartic acid
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in several sequences. Whether or not this substitution
allows for a functional integrase will have to be experi-
mentally determined.
Putative APE functions in the INGI-like retroposons
The sequence identities observed between ORF1 of
L1Tc, a retroposon with demonstrated APE activity, and
the T. brucei sequences, supports putative APE activity.
Alignment of the INGI-like retroposon sequences to L1Tc
reveals that the most conserved residues within each of
the seven motifs defining the OSM of APE are completely
conserved in every sequence included in our APE anal-
ysis with the exception of TRS1.6 (Fig. 4). The INGI-like
retroposon TRS1.6 has an isoleucine substituted for the
highly conserved tyrosine residue observed in motif IV of
the APE–OSM.
Putative endonuclease functions embedded in other
functions
The HNH endonuclease OSM is observed in the INGI-
like retroposon sequences. Relative to the retrointron
sequences, three insertions have occurred within the
MIRs that separate the most conserved amino acid res-
idues of the HNH–OSM (Fig. 3). As in the case of the
retrointrons (Gorbalenya, 1994; Shub et al., 1994), any
suggestion of a putative HNH endonuclease encoded by
retroposons is based entirely on observed sequence
similarity. To date, this potential function has not been
demonstrated for any retroid agent.
Inspection of the RH multiple alignment reveals that
there are two inserts in the PDD containing retroposons
in this region relative to all the other sequences (Fig. 5,
regions A and B). Region A contains the CCHH motif
suggested to be a DNA-binding domain (Yang et al.,
1999). Interestingly, the CC of this motif is conserved in
the INGI3-like retroposons between motifs I and II of RH
sequence (Fig. 5), suggesting that it may be vestigial. It is
not present in any other retroid agent RH sequences. The
second insert contains the PDD motif (Fig. 5, region B).
The PDD endonuclease was reported to have been iden-
tified in the R2Bm sequences by iterative BLAST
searches (Yang et al., 1999). Although a variety of param-
eter settings were tested, we could not reproduce the
BLAST results, indicating a similarity between FOK1-like
bacterial endonucleases and R2BM, and SLACS-like ret-
roposons. Nonetheless, mutations to the first invariant
aspartic acid residue of the PDD motif in R2BM appear to
eliminate DNA cleavage. Little else is known about the
residues critical for this function.
Potential ribonuclease H functions
The RH function is necessary for the removal of the
RNA template in the formation of the integrated dsDNA
form of retroid agent genomes. Similarities to known RH
sequences were previously observed in the retroposon
CRE1 (Gabriel et al., 1990). Bioinformatic analysis of
sequences downstream of the RT domain supports a
putative RH function by the identification of the con-
served RH–OSM in the INGI-like, SLACS-like, and R2BM
retroposons (Fig. 5). In addition, conservation of histidine
residues corresponding to the critical H539 residue of
HIV1 also supports this possible function (Fig. 5). The RH
OSM observed in R2BM is less conserved than the
INGI-like and SLACs-like RH sequences, decreasing the
likelihood of a functional RH for this genome. To date, no
experimental evidence has demonstrated RH activity in
R2BM, or in the INGI-like or the SLACS-like retroposons.
The sequence conveying potential RH activity sug-
gested here is well conserved between the SLACS-like,
I-Factor, CIN4, and INGI-like retroposons. Relative to all
known RH sequences, two regions of insertion are
present in the SLACS-like and R2BM, one of which ap-
pears to be involved in DNA cleavage. It is noteworthy
that both of these conserved regions overlap with two of
the well-characterized motifs of the RH OSM. The highly
conserved residues glutamic acid (E) and aspartic acid
(D) are the hallmarks of RH motifs II and III, respectively
(Fig. 5). Mutation of the first D of the PDD motif, however,
appears to inhibit DNA cleavage, while it is the second D
that is an unvarying residue of the RH OSM. The DNA
cleavage assay of Yang et al., did not require dsDNA
formation from the RNA:DNA hybrid and therefore this
study does not preclude the possibility of RH function for
this sequence. A conformational change in a RdDp that
contains both the RT and RH/PDD domains could easily
accommodate all functions.
Variability of ORFs and stop codon implications
Frameshifts and stop codons are often considered
indicative of a loss of function. There are few examples
of recoding or redirecting of cellular mRNAs to produce
proteins in spite of frameshifts or stop codons. It is well
known, however, that the mRNA of retroid agents and
other viruses participate in this acknowledged modifica-
tion of the translational machinery (for review see
Gesteland and Atkins, 1996). Plus 1 reading frameshifts
occur in the retrotransposons Ty1 and 3, while among
the retroviruses, plus and minus frame 1 and 2 shifts
occur in mouse mammary tumor, Rous sarcoma, and
simian-1 retroviruses (Gesteland and Atkins, 1996; ten
Dam, Verlaan, and Pleij, 1995), and the IAP particle of
mouse (Theimer and Giedroc, 1999). In addition, Molo-
ney murine leukemia virus redefines a stop codon to
incorporate glutamine so that read-through can proceed
(Gesteland and Atkins, 1996).
Of the three INGI-like sequences containing two dif-
ferent types of endonuclease signatures (APE and IN),
both the INGI3 and MVAT4 genomes contain disruptions
in the form of stop codons and/or frameshifts within each
of the endonuclease OSMs (Fig. 1). A stop codon be-
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tween the INGI3 RH and IN sequence must undergo
read-through and a frameshift must occur between mo-
tifs II and III of the intact IN OSM if the retroviral like-IN
is to be expressed. In addition, two stop codons interrupt
the INGI3 APE sequence. Likewise, a stop codon is
found between the APE and RT in MVAT4 and frameshift
is present in the IN duplication. Both the APE and the IN
OSMs observed in the TRS1.6 sequence, however, are
found in the same ORF. It is possible that only the TRS1.6
sequence represents an active retroposon, while the
INGI3 and MVAT4 are inactive, but the conservation of
the OSMs of all the enzymes (APE, RT/RH, and IN)
suggests otherwise. Unless these disruptions in the
INGI3 and MVAT4 sequences have occurred very re-
cently, translational recoding of the mRNAs is a likely
mechanism that accounts for the observation of highly
conserved OSMs.
Convergence or ancestry
The high rate of accumulated mutation (103–106 mu-
tations/nucleotide/replication cycle) in RNA-based ge-
nomes leads to the existence of a single virus population
as a dynamic distribution of nonidentical genomes, or
quasispecies (Domingo and Holland, 1997). It is well
known that the HIV exists as a quasispecies, but can
other retroid agents rapidly mutate and create quasispe-
cies? There are no published studies on quasispecies
formation in retroposons, although the data suggest that
both retrotransposons and retroposon genomes can mu-
tant at widely differing rates (Casacuberta et al., 1997;
Casacuberta et al., 1995; Eickbush et al., 1995; Gabriel et
al., 1996). This variability in the rate of mutation is not
unexpected. The frequency of transposition and, there-
fore, the opportunity for mutation and quasispecies for-
mation is correlated with retroid genome copy number:
some host genomes have only one copy, while others
have hundreds of thousands (Kumar et al., 1997).
As a result of increased accumulation of mutation,
retroid agents encode proteins that lack conservation
except for the most crucial amino acid residues confer-
ring function, the OSM. As a population, these genomes
possess a greater ability to explore sequence space. It is
possible that the extensive exploration of sequence
space could result in acquisition of a functional region
that is similar to an ancestral motif.
Theoretically, the presence of an OSM could be the
result of the convergence of two unrelated sequences as
opposed to divergence from a common ancestor. It is
more likely that an OSM is a remnant from a common
ancestor in which the unconstrained MIRs have
changed, while the functionally or structurally important
regions forming the OSM have been conserved. Obtain-
ing an OSM by convergence would require the indepen-
dent acquisition of each motif in the correct order, with
respect to the other motifs comprising the OSM. The
probability that an OSM is the remnant of a common
ancestor increases significantly as the size of the OSM
increases. The presence of an individual motif within a
sequence or a small OSM may be the result of conver-
gence as opposed to ancestry. In contrast to the IN and
APE OSMs, the PDD and the HNH endonuclease signa-
tures are smaller in terms of the number of amino acids
conserved, are confined to a shorter region of sequence,
and are less well characterized within the retroposon
genomes. The possibility that these signatures are the
result of convergence exists. Regardless of how the PDD
region was acquired, it is present as one of two inserts
in the SLACS-like and R2BM retroposons relative to all
other RH sequences, suggesting common ancestry. The
presence of a remnant of the CCHH in the INGI3-like
sequences suggests that this region may be vestigial.
This is supported by the potential of INGI3-like genomes
encoding both APE and IN functions (Fig. 5).
Summary of bioinformatic predictions
Bioinformatic research is the interplay between empir-
ically derived biological knowledge, data deposited in
databases, (e.g., sequences), the development of strate-
gies and methods for the analysis and interpretation of
these data sources, and human decision making. In the
broadest sense, bioinformatics is the generation of new
knowledge on evolution, structure, and function from
existing data. Many bioinformatic results are predictions
that have been or can be tested by laboratory experi-
mentation. For example, in 1986 we predicted the correct
order of the two domains of the RdDp: the RT domain is
in the amino portion while the RH function resides in the
carboxyl portion (Johnson et al., 1986). This prediction
was experimentally verified to be correct (Tanese and
Goff, 1988). This work was one of the earliest studies to
predict function from comparison of distantly related protein
sequences that was subsequently experimentally verified
to be correct, contrary to earlier published experimental
studies. The predictions presented here are the results of
the same types of analyses that have successfully deter-
mined other functions of retroid agents.
Our results of the bioinformatic analyses of retroposon
genomes make several predictions that can be experi-
mentally verified. The INGI3-like sequences clearly en-
code an retroviral/retrotransposon-like IN sequence that
is partially duplicated. This duplicated region may be
retained, thereby producing a larger than expected IN, or
it is proteolytically cleaved. Regardless of size, the indi-
cated IN OSM can be mutated and IN function assayed.
In addition, two of the three INGI3-like sequences re-
quire both frameshifts and stop codon read-through to
express any endonuclease function. Two distinct types of
pseudoknot formations have been demonstrated to pro-
vide the mechanisms for retroviral frameshifting and
read-through, respectively (Gesteland and Atkins, 1996).
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Although site-directed mutagenesis and enzymatic as-
say are the most direct ways to test for IN function,
further bioinformatic analysis could screen for the pres-
ence of potential pseudoknots in these genomes to lend
support for the mechanism by which these genomes are
expressed.
The DNA cleavage activity of the PDD endonuclease
signature has only been demonstrated for R2Bm. Al-
though this signature is also found in other retroposons,
our data indicate that the SLACS-like genomes also
contain an intact sequence for the canonical IN function
found in retroviruses and retrotransposons. It is obvious
that the IN gene can relocate, given the two different
positions (upstream and downstream of the RdDp) in
which it is found in various retroid genomes. Interest-
ingly, this same sequence has been identified in a DNA
transposable element (Wells, 1999). Given that we have
not been able to reproduce the results that utilized iter-
ative BLAST searches which initially identify the PDD
motif, we urge all laboratory scientists who engage in
bioinformatic analyses to report how they conducted
their in silico studies (i.e., research conducted within the
computer environment) just as carefully as they would
any laboratory experiment. It is very important to state
any deviation from the default parameters that were used
to obtain results. The lack of reproducible results, how-
ever, could be due to the fact that iterative BLAST
searches are random walks through the database. If
these types of searches do not produce a significant
overlap in the retrieved data when run at different times,
they should be used with caution.
These studies also indicate the presence of a potential
RH function. This function is critical to the life cycle of all
retroid agents. To date, this potential function has not
been experimentally demonstrated for SLACS-like retro-
posons. The RH multiple alignment clearly indicates
which residues of these sequences are candidates for
mutation and biochemical assay for function (Fig. 5).
The analyses presented here clearly indicate the
genomic regions that may encode multiple endonucle-
ase functions, and the RH for the INGI3- and SLACS-like
retroposons. As with all bioinformatic analyses, experi-
mental validation or refutation of the predictions are
necessary. We eagerly await the results of such testing
to further our understanding of the function and evolution
of the retroid agents.
MATERIALS AND METHODS
Sequence collection
Retroid nucleotide sequences included in this study
were identified using the National Center for Biotechnology
Information’s (NCBI) ungapped, advanced basic local align-
ment search tool (BLAST) on the NCBIs web site (http://
www.ncbi.nlm.nih.gov/BLAST) (Altschul et al., 1990). Con-
ceptual translations of the retroid sequences were used as
query sequences in subsequent BLAST searches. BLAST
searches were conducted using the tblastn algorithm
which compares a protein query sequence against a nu-
cleotide database dynamically translated in all six reading
frames using the PAM250 distance matrix (Dayhoff et al.,
1978). BLAST searches to identify IN encoding sequences
were conducted using each of the SLACS-like retroposon
sequences. The APE sequences of human APE, I. factor,
Jockey, and R1BM were used in BLAST searches to identify
other APE encoding retroposons. In addition, both the APE
and IN-like sequences of each of the INGI-like retroposons
were used as BLAST query sequences.
The R2BM, SLACS, and FOK1 sequences were used in
iterative BLAST searches, including the position-specific
iterated (PSI) BLAST (Altschul et al., 1997) and a pattern-
hit initiated (PHI) BLAST (Zhang et al., 1998). Both these
searches were run at the default parameters. In addition,
PSI was run changing the statistical significance thresh-
old to increase the data pool size. These iterative BLAST
searches were conducted using the entire ORF encoding
the PDD and just the region encoding the OSM of the
PDD endonuclease. PHI BLAST searches with a defined
motif in addition to the query sequence. The defined
motif [KR]-P-D-x(12–19)-[DE], which is observed in the pre-
viously published PDD encoding sequences (Yang et al.,
1999) was used for the PHI BLAST searches. Addition-
ally, the motif [KR]-P-D-x(12–16)-[DE], which better reflects
the motif observed in the PDD encoding retroposons
was also used in conjunction with the FOK1 restriction
endonuclease query.
Sequence translation and alignment
Sequences for these analyses were obtained from
EMBL/GenBank, Swiss-prot and PIR (Table 1). Nucleic
acid sequences obtained from EMBL/GenBank were
translated in all six reading frames using DNA work-
bench (Tisdall, 1993). The conceptual translation of the
CRE1 sequence deposited in Genbank revealed a frame-
shift between the CCHC motif and the PD conserved by
the PDD endonuclease. This was the result of a se-
quencing error and we thank Dr. Abram Gabriel (Rutgers
University) for providing us with the corrected sequence.
Conceptual translation also resulted in the SLACS se-
quence encoding a cysteine–cysteine–histidine–glycine
(CCHG) motif in the position where it was previously
reported to encode a CCHC motif (Yang et al., 1999).
Initial IN, HNH, APE, and RH multiple sequence align-
ments were generated using the CLUSTAL W program
(Thompson et al., 1994). CLUSTAL W was run with the
default gap penalty and the PAM distance series. More
distantly related sequences were multiply aligned, in-
cluding prealignment of the more closely related sub-
sets, using the program of Feng and Doolittle (Feng and
Doolittle, 1987). This multiple alignment program was run
with an unpublished parameter that allows the user to
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increase the weight of the matches. Alignments were
generated with the weighting option set at values of 2
and 3, which has been demonstrated to allow OSMs
found in subsets of the data to be aligned to one another
(McClure et al., 1994). The automated alignment that best
aligned the OSM of the given protein class was manually
adjusted to minimize gaps and maximize identity and
similarity matches to produce a final alignment.
Hardware
Analyses were performed on SUN Ultras (1/140 and
1/170) or SPARC stations (4, 5, or 10/514MP) running SUN
OS Release 5.5 or 5.6.
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